The dihaem enzyme MauG catalyses a six-electron oxidation required for post-translational modification of preMADH (precursor of methylamine dehydrogenase) to complete the biosynthesis of its TTQ (tryptophan tryptophylquinone) cofactor. Trp 93 of MauG is positioned midway between its two haems, and in close proximity to a Ca 2 + that is critical for MauG function. Mutation of Trp 93 to tyrosine caused loss of bound Ca 2 + and changes in spectral features similar to those observed after removal of Ca 2 + from WT (wild-type) MauG. However, whereas Ca 2 + -depleted WT MauG is inactive, W93Y MauG exhibited TTQ biosynthesis activity. The rate of TTQ biosynthesis from preMADH was much lower than that of WT MauG and exhibited highly unusual kinetic behaviour. The steady-state reaction exhibited a long lag phase, the duration of which was dependent on the concentration of preMADH. The accumulation of reaction intermediates, including a diradical species of preMADH and quinol MADH (methylamine dehydrogenase), was detected during this pre-steady-state phase. In contrast, steady-state oxidation of quinol MADH to TTQ, the final step of TTQ biosynthesis, exhibited no lag phase. A kinetic model is presented to explain the long pre-steady-state phase of the reaction of W93Y MauG, and the role of this conserved tryptophan residue in MauG and related dihaem enzymes is discussed.
INTRODUCTION
The dihaem enzyme MauG [1] catalyses the biosynthesis of the TTQ (tryptophan tryptophylquinone) cofactor of preMADH (precursor of methylamine dehydrogenase) [2, 3] . TTQ is a protein-derived cofactor [4, 5] which is formed by posttranslational modification of two tryptophan residues on preMADH. This process had been characterized for the proteins from Paracoccus denitrificans [6] where it has been shown that preMADH possesses a residue, βTrp 57 , which is hydroxylated at the C-7 position [7] [8] [9] . Completion of TTQ biosynthesis on preMADH could be catalysed by MauG in vitro [10, 11] (Figure 1 ). The order of reactions in this biosynthetic process is cross-link formation between the hydroxylated βTrp 57 and βTrp 108 , a second hydroxylation of βTrp 57 , and oxidation of the quinol MADH (methylamine dehydrogenase) to the quinone state [12] . The process requires three two-electron oxidation reactions. These oxidations proceed via a high-valence bis-Fe IV intermediate of MauG [13] in which one haem is present as Fe IV = O with an axial ligand provided by a histidine residue and the other is present as Fe IV with histidine-tyrosine axial ligation and no exogenous bound ligand [8] . It has been shown by site-directed mutagenesis that the tyrosine ligation of the six-co-ordinate haem is critical for stabilization of the bis-Fe IV intermediate [14, 15] . This redox state is generated and stabilized by MauG despite the fact that the two haem irons are separated by 21 Å (1 Å = 0.1 nm) ( Figure 2A ). This stabilization is achieved through an unusual charge-resonance transition in which the two Fe IV haems and Trp 93 , which resides between the two haems, share spin and charge via ultrafast hopping-mediated ET (electron transfer) [16] . Hole-hopping-mediated ET is also required for the mechanism of remote catalysis that is employed by MauG [17] . The crystal structure of MauG in complex with preMADH [8] revealed that the residues which are modified to form TTQ do not make direct contact with either haem of MauG ( Figure 2A ). The shortest distance between βTrp 108 of preMADH and the iron of the oxygenbinding five-co-ordinate haem is 40.1 Å, and the closest distance to the iron of the six-co-ordinate haem is 19.4 Å. The crystallized complex is catalytically active as it was demonstrated that addition of H 2 O 2 to the crystal resulted in formation of mature TTQ within the MauG-preMADH complex [8] . The kinetics of the different redox reactions that occur between the haems of MauG and different redox states of TTQ and biosynthetic intermediates of TTQ within the protein complex have been characterized in solution [18] [19] [20] . Trp 199 of MauG resides at the site of interaction with preMADH and is positioned approximately halfway between βTrp 108 of preMADH and the nearest haem of MauG. Site-directed mutagenesis [17] and kinetic and thermodynamic analyses [21] showed that Trp 199 mediates a hole-hopping mechanism of ET that is required for MauG-dependent TTQ biosynthesis. Previous studies also demonstrated that a critical role of the bis-Fe IV intermediate of MauG was not only to provide a high-potential oxidant for modification of preMADH, but also to shorten the distance for the required long-range ET from the substrate to the nearest Fe IV haem [14, 15] . Another noteworthy feature of the crystal structure of MauG is the presence of a Ca 2 + which is positioned between the two Abbreviations used: DCCP, dihaem cytochrome c peroxidase; ET, electron transfer; ICP-OES, inductively coupled plasma optical emission spectroscopy; MADH, methylamine dehydrogenase; preMADH, precursor of methylamine dehydrogenase; TTQ, tryptophan tryptophylquinone; WT, wild-type. 1 To whom correspondence should be addressed (email victor.davidson@ucf.edu).
Figure 1 Role of MauG in TTQ biosynthesis
MauG catalyses the conversion of monohydroxylated βTrp 57 and βTrp 108 of preMADH into TTQ. This occurs via three two-electron oxidation steps in the order shown [12] . haems [8] (Figure 2B ). This Ca 2 + does not readily dissociate, but was removed by treatment with chelators. The Ca 2 + -depleted MauG was not able to catalyse TTQ biosynthesis and exhibited Ca 2 + -dependent spectroscopic changes [22, 23] into tyrosine had significant consequences on the spectroscopic properties and reactivity of MauG. In some respects, the properties of W93Y MauG were similar to Ca 2 + -depleted MauG, but, in others, they were different. The results of the present study provide insight into the role of Trp 93 in MauG structure and function, and describe a highly unusual alteration of the kinetic mechanism of MauG-dependent TTQ biosynthesis by the W93Y mutation. 
Figure 2 Structure of Trp

EXPERIMENTAL
Protein expression and purification
Methods for the expression and purification of MADH [24] , preMADH [7] and MauG [1] were as described previously. Site-directed mutagenesis to create W93C, W93H, W93I, W93F and W93Y MauG variants was performed on doublestranded pMEG391 [1] which contains mauG, using forward and reverse mutagenic primers with the QuikChange ® sitedirected mutagenesis kit (Stratagene). Mutagenic primers are listed in Table 1 . The entire mauG-containing fragment was sequenced to ensure that no second site mutations were present. Homologous expression of Trp 93 MauG variants in P. denitrificans and purification of the proteins from the periplasmic fraction was as described for recombinant WT (wild-type) MauG [1] . In some cases, an additional purification step was included to remove a low-molecular-mass contaminant; sizeexclusion chromatography was performed using Ultrogel AcA 54 which was equilibrated in 0.05 M potassium phosphate buffer (pH 7.5).
Metal analysis
The iron and calcium contents of WT MauG and W93Y MauG were determined by ICP-OES (inductively coupled plasma optical emission spectroscopy) using a Spectro Genesis spectrometer. Samples were analysed in metal-free 0.02 M Tris/HCl buffer (pH 7.5). MauG was analysed as-isolated and after incubation with 10 mM EGTA for 15 h.
Resonance Raman spectroscopy
Resonance Raman spectra were recorded using a Raman spectrometer consisting of a Spex model 1877 triple spectrograph and a CCD (charge-coupled device) detector as reported previously [25] . A 406.7 nm line from an argon-krypton ion laser (Spectra-Physics BeamLok model 2080-KV) was used as the excitation source, and the Raman signal was collected in a 120
• geometry. The laser power was adjusted to ∼5 mW at the sample. Each spectrum was recorded with a 60 s accumulation time, and ten repetitively measured spectra were averaged to improve the quality of the final spectrum. The frequencies of the Raman bands were calibrated using the standard spectrum of cyclohexane. Samples contained 0.15 mM protein in 0.05 M potassium phosphate buffer (pH 7.5), and spectra were recorded at 25
• C.
Spectrophotometric assays of W93Y MauG-dependent TTQ biosynthesis
The TTQ biosynthesis activity of W93Y MauG was assayed in two different reactions. In one, the substrate for MauGdependent TTQ biosynthesis is preMADH [10] and in the other, it is quinol MADH [20] . In both assays, H 2 O 2 was used as the source of oxidizing equivalents. Quinol MADH was generated by stoichiometric addition of sodium dithionite to oxidized MADH. For analysis of the pre-steady-state lag phase of the reaction, spectra were recorded with a HP 8452A diode array spectrophotometer and analysed using OLIS Global Works software.
RESULTS
Isolation and purification of Trp 93 MauG variant proteins
Trp 93 was converted into tyrosine, phenylalanine, isoleucine, histidine and cysteine respectively by site-directed mutagenesis. The W93H MauG and W93F MauG proteins that were isolated showed evidence of significant protein degradation as judged by SDS/PAGE and were therefore not studied further. W93C MauG and W93I MauG each migrated as a single band on SDS/PAGE at the same position as WT MauG; however, these proteins had no visible absorption spectra. As such, these proteins were not studied further. Only W93Y MauG exhibited the correct mass and absorption spectrum characteristic of the presence of two haems. The yield of W93Y MauG was 0.03 mg/g of cells, which is 5-fold lower than that of WT MauG. It is known that the covalent attachment of haems to c-type cytochromes, which is catalysed by other enzymes, requires the histidine residue present in the CXXCH haem-binding motif [26] , and it has also been shown that the corresponding histidine residues of each of the two haems of MauG are essential for production of active enzyme [7] . It was also shown that cycling of MauG between the diferric and bis-Fe IV states resulted in inactivation [27] and damage to the haems, and that the onset and extent of oxidative damage is increased by mutations in the haem site [28] . Given the intolerance of the dihaem site of MauG to changes in structure, it is likely that the mutations other than W93Y either prevented the covalent attachment of the haems during biosynthesis or affected haem reactivity such that it led to oxidative damage to the haems before or during isolation.
Effects of the W93Y mutation on the visible absorption spectra of diferric and diferrous MauG
The absorption spectra of the diferric and diferrous forms of W93Y MauG were compared with those of WT MauG. For the diferric form, the W93Y mutation results in a 4-nm red shift of the absorption maxima of the Soret peak, a narrowing of the peak width and increased molar absorption coefficient for the red-shifted peak maximum ( Figure 3A ). The molar absorption coefficient of W93Y MauG was determined by the pyridine haemochrome method [29] to be ε 409 = 350 000 M − 1 · cm
compared with 309 000 M − 1 · cm − 1 for WT MauG. The changes in absorption maximum, intensity and shape of the Soret peak that were caused by the W93Y mutation are very similar to those caused by removal of Ca 2 + from WT MauG [22] ( Figure 3B ). In contrast with the diferric spectra, the absorption spectra of the diferrous WT MauG, W93Y MauG and Ca 2 + -depleted MauG are very similar ( Figures 3C-3D ).
Effects of the W93Y mutation on the calcium content of MauG
In the light of the similarity of the absorption spectrum of W93Y MauG to that of Ca 2 + -depleted WT MauG, the Ca 2 + -depleted WT MauG which was prepared by prolonged incubation with 10 mM EGTA has no detectable Ca 2 + . When W93Y MauG was subjected to this EGTA treatment, the level of Ca 2 + was also decreased to undetectable levels. The most likely explanation for the residual Ca 2 + present in the W93Y MauG is that it is non-specifically bound to the surface. This is consistent with the variability in Ca 2 + content that is observed for WT MauG. Normally, one would wash the protein with a chelator before the metal analysis to remove non-specifically bound metals, but in this case it was not done so as to ensure that none of the specifically bound Ca 2 + was removed in this process.
Effects of the W93Y mutation on the resonance Raman spectrum of MauG
Resonance Raman spectroscopy was employed to gain an insight into the effect of the W93Y mutation on the dihaem site of MauG. Several bands in the Raman spectrum are known to be sensitive to oxidation state, spin state and the conformation of the haem macrocycle [30] [31] [32] . In the high-frequency region of the spectrum of the as-isolated WT MauG and W93Y MauG (Figure 4A ), the oxidation state marker band (ν 4 ) is centred at 1374 cm − 1 in both spectra, indicating that both haems are in the ferric state. Diferric WT MauG contains a five-co-ordinate high-spin haem and a sixco-ordinate low-spin haem [1] . The spectrum contains ν 3 bands at 1478 and 1501 cm − 1 which correspond to the high-spin and lowspin haems respectively. In the spectrum of W93Y MauG, only low-spin haems are present, as is evident by the single ν 3 band at 1507 cm − 1 and absence of a band corresponding to the one at 1478 cm − 1 that is present in WT MauG. Similarly, the resonance Raman spectrum of Ca 2 + -depleted WT MauG displayed only a single ν 3 band at 1506 cm − 1 [22] . The bands in the low-frequency regions of the spectra ( Figure 4B ) originate from the in-plane and out-of-plane deformation modes of the porphyrin ring as well as the vibration modes from the haem substituents [31] . Although there is considerable overlap of the bands in this region, frequency changes are discernible. These changes suggest conformational changes affecting the thioether bridges which are a consequence of the W93Y mutation and loss of Ca 2 + . The vibration mode from the thioether bridge, ν(C-S), is the dominant band at 694 cm − 1 in diferric WT MauG. This band shifts to 691 cm − 1 in diferric W93Y MauG. The δ (C β C α S) mode shifts from 393 cm − 1 in WT MauG to 406 cm − 1 in W93Y MauG. These data suggest a conformational change of the thioether bridge and in turn the orientation of the haem plane. In the spectrum of Ca 2 + -depleted WT MauG, this band shifted to 408 cm − 1 [22] . These features of the low-frequency region of the resonance Raman spectrum of diferric W93Y MauG, which distinguish it from WT MauG, are very similar to, but not identical with, those reported previously in the spectrum of Ca 2 + -depleted MauG. However, it is difficult to infer any conclusions as to how or whether these 1-2 cm − 1 differences in certain band frequencies could affect the activity of the haems of MauG.
After addition of dithionite to W93Y MauG, the high-frequency region of the spectrum ( Figure 4C ) shows a single oxidation state marker ν 4 centred at 1359 cm − 1 which indicates that both haems are in the ferrous state. In contrast with the spectrum of diferric W93Y MauG, that of diferrous W93Y MauG shows two ν 3 bands at 1467 and 1492 cm − 1 corresponding to a five-co-ordinate highspin ferrous haem and a six-co-ordinate ferrous low-spin haem respectively. The positions of these bands are the same as was reported for diferrous WT MauG [25] . In the low-frequency region, it is noteworthy that the ν(C-S) bands in diferrous W93Y MauG and diferrous WT MauG are both at 686 cm − 1 ( Figure 4D ). These results indicate that in the diferric state the spin state and conformations of the haems in W93Y MauG are more similar to that of Ca 2 + -depleted WT MauG, but in the diferrous state are more similar to the native WT MauG with bound Ca 2 + . One reason for this is that the additional haem ligand which is present in diferric W93Y MauG, compared with WT MauG, is lost on reduction of the haem. It should be noted that these spectra were recording in solution at room temperature so the observed changes in spin state cannot be attributed to a freezing artefact that was previously described for MauG in which some high-spin haem converts into low-spin on freezing [1] . 
Effects of the W93Y mutation on the reactivity of MauG towards H 2 O 2
A relatively stable bis-Fe IV redox state is formed by addition of H 2 O 2 to WT MauG [13] . The absorption spectrum of this redox state exhibits a decrease in the intensity of the Soret peak and a 2-nm red-shift of the absorption maxima relative to the spectrum of diferric MauG ( Figure 5A ). The bis-Fe IV species is formed within the dead time of rapid mixing (k>300 s − 1 ) and spontaneously decays back to the diferric state over several minutes [18] . Addition of H 2 O 2 to W93Y MauG induced a spectral change that was different from that seen with WT MauG ( Figure 5B) . A decrease in the intensity of the Soret peak was observed, but without the red-shift seen with WT MauG. Furthermore, this spectral change occurred slowly over several minutes and the spectrum did not spontaneously return to that of the diferric state. These changes in the spectrum of W93Y MauG are very similar to those observed on addition of H 2 O 2 to Ca 2 + -depleted WT MauG [22] ( Figure 5C ). Addition of preMADH to bis-Fe IV WT MauG causes a rapid return to the diferric state as judged by the return to the spectrum characteristic of diferric MauG ( Figure 5D ). Addition of preMADH to the H 2 O 2 -treated W93Y MauG did result in an increase in intensity of Soret peak; however, it did not return to its original position, but only approximately half of the magnitude of the H 2 O 2 -induced decrease was reversed ( Figure 5E ). The rate constant for the reaction of H 2 O 2 -induced W93Y MauG species with preMADH was 0.025 + − 0.003 s − 1 compared with 0.8 s − 1 for the reaction of preMADH with the bis-Fe IV WT MauG [18] . This response to addition of preMADH, although slow and incomplete, distinguishes W93Y MauG from Ca 2 + -depleted MauG. In the latter case, addition of preMADH did not reverse the H 2 O 2 -induced spectral change at all ( Figure 5F ). Thus the slow and partial, but discernible, reaction of the H 2 O 2 -treated W93Y MauG suggests that a high-valence state of MauG is being generated, although the spectroscopic features and reaction kinetics are different from those of the bis-Fe IV species in WT MauG.
Effects of the W93Y mutation on MauG-dependent TTQ biosynthesis activity
The enzymatic activity of W93Y MauG towards preMADH was determined in a steady-state assay of TTQ biosynthesis using H 2 O 2 as the source of oxidizing equivalents. In this assay with WT MauG, a hyperbolic dependence of initial rate on preMADH concentration is observed, yielding a k cat value of 0.16 s − 1 and a K m value of 1.7 μM [10] . When W93Y MauG was tested, TTQ biosynthesis was observed; however, the appearance of product with time did not exhibit a typical hyperbolic dependence ( Figure 6A ). Instead, there is a long lag phase followed by slow appearance of the TTQ product. The ability of W93Y MauG to synthesize TTQ, albeit very slowly, distinguishes this variant from Ca 2 + -depleted WT MauG, which showed no detectable TTQ biosynthesis activity [22] . As discussed above, the as-isolated W93Y MauG contained some Ca 2 + . This raised the possibility that the relatively low level of TTQ biosynthesis that is observed for W93Y MauG might be attributable to a small subpopulation of the enzyme which retains Ca 2 + despite the mutation. To examine this possibility, W93Y MauG was treated with EGTA to ensure that it was fully Ca 2 + -depleted, and the complete absence of Ca activity that was essentially the same as that of the as-isolated W93Y MauG ( Figure 6A ). Thus the activity of W93Y MauG cannot be attributed to presence of residual Ca 2 + , consistent with the conclusion presented earlier that the residual Ca 2 + is non-specifically bound. Addition of Ca 2 + to Ca 2 + -depleted WT MauG restores its activity to WT levels [22] . However, addition of up to 15 mM Ca 2 + to W93Y MauG had no effect on the observed level of activity and does not decrease the duration of the long lag phase. This suggests that the W93Y mutation has either abolished the ability of MauG to bind Ca 2 + at the native binding site, or that, if Ca 2 + does bind to MauG, then the binding is non-productive. This result also rules out the possibility that the lag phase is a consequence of W93Y MauG sequestering Ca 2 + ions from the buffer to gain activity. It is clear that Ca 2 + -depleted W93Y MauG does exhibit enzymatic activity which is absent from Ca 2 + -depleted WT MauG.
To gain an insight into the basis for the unusual lag phase in the steady-state assay of W93Y MauG with preMADH, the overall spectral changes that occurred during that lag phase were monitored. It should be noted that the data in Figure 6 (A) describe the increase in absorbance at 440 nm which describes the formation of the oxidized TTQ cofactor, the final product of this six-electron oxidation reaction. We have previously characterized spectral changes that are associated with a diradical intermediate that is transiently formed after the initial two-electron oxidation and precedes cross-link formation between the monohydroxylated βTrp 57 and βTrp 108 [12] . This radical species exhibits a broad weak absorbance centred at 560 nm and a sharp peak at 310 nm. The quinol form of MADH, which is the product of the first two two-electron oxidations, does not absorb at 440 nm, but exhibits a maximum at 330 nm [33] . Figure 6 (B) shows a difference spectrum whereby the initial spectrum before addition of H 2 O 2 is subtracted from that recorded 5 min after addition of H 2 O 2 . The 5 min period corresponds roughly to the end of the lag period observed during the steady-state reaction in Figure 6 (A). The spectrum shows no absorbance at 440 nm, which indicates that TTQ formation has not yet occurred. Absorbance features at 310, 330 and 560 nm are observed. To determine whether or not these features were attributable to formation of a radical reaction intermediate, the radical scavenger hydroxyurea was added to the reaction mixture. A difference spectrum of the mixture with the initial spectrum before addition of hydroxyurea subtracted from that after addition shows that the absorbance features at 310 and 560 nm are lost, consistent with those being associated with a radical intermediate. There was little in change in the absorbance at 330, consistent with this being a small amount of quinol MADH being formed at this point. This means that the lag which is observed in the steady-state reaction of W93Y MauG with preMADH corresponds to an unusually long pre-steady-state phase of the reaction which lasts for minutes.
It was also observed during steady-state kinetic studies of W93Y MauG-dependent TTQ biosynthesis from preMADH that the duration of the pre-steady-state lag phase was dependent upon the initial concentration of preMADH. As shown in Figure 6 (C), the durations of the lag phase corresponding to these initial concentrations of 1, 2 and 4 μM preMADH were approximately 2.5, 5 and 10 min respectively.
To examine further the reactivity of W93Y MauG, another steady-state kinetic assay was performed which uses quinol MADH as a substrate. This is the final two-electron oxidation step in the overall TTQ biosynthesis reaction [10, 12] . WT MauG exhibits a k cat value of 4.2 s − 1 and K m value of 11.1 μM [20] . This activity is absent from Ca 2 + -depleted WT MauG [22] . When W93Y MauG was tested in this assay, activity was observed. The reaction rate was much lower than that of WT MauG; however, in contrast with what was observed in the steady-state reaction with preMADH, the steady-state reaction of W93Y MauG with quinol MADH as a substrate did not exhibit any lag phase ( Figure 7A ), and exhibited a typical hyperbolic dependence of initial rate on substrate concentration ( Figure 7B ). This reaction exhibited a k cat value of 0.089 + − 0.001 s − 1 and a K m value of 2.8 + − 0.1 μM for quinol MADH. c peroxidases) [34] . These enzymes also possess a structurally conserved Ca 2 + analogous to that seen in MauG. In fact, an overlay of the structures of MauG with those known for these DCCPs indicates that the positions and orientations of the two haems, the Ca 2 + , and the tryptophan residue are essentially identical [8] . This tryptophan residue has been proposed to act as an ET mediator between the two haems of the structurally characterized DCCPs from Pseudomonas aeruginosa, Nitrosomonas europaea, Pseudomonas nautica and Rhodobacter capsulatus [35] [36] [37] [38] . However, its functional role has not been extensively studied. The only mutagenesis study of this residue was that of Trp 97 in DCCP from R. capsulatus where it was concluded that Trp 97 played a role in switching the spin state of haem, resulting in an inactive enzyme [38] .
The effects of the W93Y mutation on the absorption spectrum of MauG are very similar to the effects of Ca 2 + depletion of WT MauG [22] . Consistent with this observation, it was shown that the W93Y mutation caused a loss of Ca 2 + . In MauG, Ca 2 + is co-ordinated to four water molecules, the main-chain carbonyl oxygen atoms of Thr 275 and Pro 277 and the oxygen of the Asn 66 side chain ( Figure 2B ). The propionate groups of each haem are connected to the Ca 2 + via hydrogen-bond networks. The nitrogen of the Trp 93 indole ring is hydrogen bonded with the main-chain carbonyl oxygen atom of the Asn 66 ligand of the Ca 2 + . The W93Y mutation will disrupt this hydrogen bond which could alter the position the Asn 66 Ca 2 + ligand. The backbone amide nitrogen of Trp 93 amine group is also hydrogen-bonded with the other propionate of the five-co-ordinate haem which is not connected via the water network to Ca 2 + . The W93Y mutation might also perturb this strong hydrogen bond (2.8 Å). Disruption of these hydrogen bonds caused by the W93Y mutation could in turn disrupt both the ligation network that stabilizes the bound Ca 2 + as well as disrupting the hydrogen-bonded water network which would alter the configuration and environment of both haems. In Ca 2 + -depleted WT MauG, the water network will also be disrupted, but the hydrogen bonds formed by Trp 93 with Asn 66 and the haem propionate may remain intact. This would explain why the W93Y mutation results in loss of Ca 2 + , leading to changes in the spectroscopic properties of the haems similar to those observed in Ca 2 + -depleted WT MauG, but retains activity. S is preMADH, E is W93Y MauG, I is the product of the first two-electron oxidation of preMADH, Q is quinol MADH which is the product of the second two-electron oxidation, and P is MADH with TTQ. Oxidation equivalents [O] are provided by H 2 O 2 and k 1 , k 2 and k 3 are the rate constants of the first, second and third two-electron oxidation reactions respectively.
Unfortunately, it has not been possible to crystallize either W93Y MauG or Ca 2 + -depleted WT MauG, so the structure of neither is known. Although structural conservation of tryptophan in this position in MauGs and DCCPs is believed to be important in mediating ET between haems, the results described in the present paper suggest that this tryptophan residue is also critical for Ca 2 + binding and maintenance of an optimal structure for the proper orientation and environment for the two haems. It is likely that the latter role evolved first as replacement of Trp 93 with cysteine, histidine, isoleucine or phenylalanine resulted in expression of no detectable protein or protein without haem. Only substitution of tyrosine in this position was tolerated with regard to MauG expression and stability. Although the activity of W93Y MauG is much lower than that of WT MauG, Ca 2 + -depleted WT MauG has no detectable TTQ biosynthesis activity, but W93Y MauG does, with or without bound Ca 2 + . In this regard, the W93Y mutation has actually resulted in a gain of function.
One of the most intriguing consequences of the W93Y mutation is the highly unusual kinetic behaviour observed in the steady-state reaction with preMADH as a substrate. The order of occurrence of the three two-electron oxidation reactions that occur during MauG-dependent TTQ biosynthesis has been determined (Figure 1) , and formation of a preMADH-based diradical intermediate was shown to precede the initial crosslinking step [12] . As it has been shown that the three two-electron oxidation reactions that are required for TTQ biosynthesis from preMADH go to completion in crystallo after addition of H 2 O 2 [8, 12] , it can be concluded that the overall MauG-catalysed reaction is processive; that the consecutive reactions can occur without release of the substrate from the enzyme. In solution studies, it was determined that the K d for the preMADH-MauG complex was <1.5 μM [18] and that the K d for the quinol MADHMauG complex was 11.2 μM [20] . The results of the present study show that the rates of reaction of W93Y MauG with preMADH and quinol MADH are each much lower than the corresponding reactions with WT MauG. Furthermore, the rate of reaction of diferric W93Y MauG with H 2 O 2 is orders of magnitude lower than WT MauG. Given this information, a model that describes the highly unusual steady-state kinetic behaviour of W93Y MauG is presented in Figure 8 . It is proposed that during the reaction that is catalysed by W93Y MauG, the quinol MADH dissociates from the enzyme before being converted into the final TTQ product. This will occur if the off-rate for quinol MADH from MauG is higher than the rate of the final two-electron oxidation of the quinol (k 3 ), a process that requires reoxidation of W93Y MauG by H 2 O 2 and subsequent W93Y MauG-mediated oxidation of the quinol MADH. Since preMADH binds much more tightly to MauG than does quinol MADH, and since preMADH is in excess of the released quinol MADH, another molecule of preMADH will replace the dissociated quinol MADH before it can rebind and react further. This cycle will be repeated until the concentration of preMADH becomes much less than that of free quinol MADH. At this point, the reaction the steady-state formation of TTQ on MADH will begin. This model predicts that the duration of the lag phase will increase with increasing concentration of the preMADH substrate, as observed in Figure 6 (C). The model also predicts that if quinol MADH, rather than preMADH, is used as the substrate in the steady-state reaction with W93Y MauG, then there should be no lag phase, as observed in Figure 7(A) . This pronounced lag phase is not observed with WT MauG because the rates of the catalytic reaction steps are much higher than the off-rate for quinol MADH. The same kinetic model is also consistent with results of previous studies of WT MauG which reported transient formation of quinol MADH during the steadystate reaction of preMADH with WT MauG [10] as well as the ability to trap reaction intermediates including the quinol, but on the timescale of seconds rather than minutes [12] .
The results of the present study raise new and interesting questions as well as topics for further study. The discovery of the unusual kinetics of the reaction of W93Y MauG with preMADH can be exploited as this should enable identification and characterization of additional reaction intermediates in the overall reaction of TTQ biosynthesis. A diradical intermediate that is believed to precede the initial cross-linking reaction between tryptophan side chains has been characterized previously [12] . The extremely long pre-steady-state phase of the reaction with W93Y MauG will facilitate the trapping of additional reaction intermediates in future studies. The results also suggest that the oxidation reactions that are catalysed by W93Y MauG proceed via a high-valence haem iron intermediate that is different from the bis-Fe IV state which was characterized in WT MauG. Further studies will be needed to characterize this high-valence state and to understand how W93Y supports the long-range ET between the substrate and the haems that is required for catalysis without requiring the bis-Fe IV state, albeit very slowly.
Summary
Three important considerations arise from the results of the present study. (i) The 'definition' of the dihaem redox centre of MauG should be expanded to include not only Trp 93 , but also the bound Ca 2 + . The results of the present study together with those of previous studies [16, 22, 23] indicate that tryptophan at position 93 and bound Ca 2 + must both be present with the two haems in order to efficiently catalyse TTQ biosynthesis. The same is likely to be true for DCCPs with respect to the reactions that they catalyse. (ii) In assessing the relative role of tryptophan compared with tyrosine at position 93, it is important to note that, since the W93Y mutation results in loss of Ca 2 + , the properties of W93Y MauG should be compared with those of Ca 2 + -depleted WT MauG, rather than native WT MauG. That being the case, it can be concluded that replacement of tryptophan with tyrosine has resulted in a gain of function since Ca 2 + -depleted WT MauG lacks any activity. (iii) The altered kinetics that result from the W93Y mutation are remarkable in that the steady-state TTQ biosynthesis reaction exhibits a remarkably long pre-steady-state phase. The kinetic model which is described to explain this phenomenon should be applicable in general to enzymes that catalyse processive reactions requiring sequential different modifications of a substrate.
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